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Abstract
Detectability of contours may be affected by long-range interactions between neurons in early stages of visual cortex.
Specifically, neurons with receptive fields arrayed along the length of a contour may facilitate each other in a position- and
orientation-dependent manner. Accordingly, the overall geometry of a contour should significantly influence both the strength of
these long-range interactions and the contour’s detectability. Psychophysical experiments measuring the detectability of sampled,
curvilinear contours hidden by randomly-oriented and -positioned noise elements revealed two main findings. First, changes in
direction of curvature degraded contour detectability. Second, the effect of changes in magnitude of curvature were predicted by
the average of local curvature along the length of the contour. While the first result emphasizes the importance of uniform
direction of curvature, the second result rules out penalties for deviation from circularity. © 1998 Elsevier Science Ltd. All rights
reserved.
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1. Introduction
Visual processing of spatially extended contours may
be mediated by long range facilitatory interactions be-
tween local orientation-selective units in early stages of
visual cortex. Physiological studies suggest that the
relative positions and the relative preferred orientations
of interacting units are very important constraints on
the strength of these facilitatory interactions (Rockland
& Lund, 1982, 1983; Nelson & Frost, 1985; T’so,
Gilbert & Wiesel, 1986; Kapadia, Ito, Gilbert & West-
heimer, 1995; Weliky, Kandler, Fitzpatrick & Katz,
1995; Polat & Norcia, 1996; Bosking, Zhang, Schofield
& Fitzpatrick, 1997). Moreover, facilitatory spatial in-
teractions observed in psychophysical studies show po-
sitional and orientational dependencies consistent with
this physiological architecture (Field, Hayes & Hess,
1993; Polat & Sagi, 1993, 1994). Therefore, if the
detectability of a contour hidden in randomly-oriented
noise is affected by such orientation- and position-de-
pendent facilatatory interactions, then the overall ge-
ometry of a contour should have a significant effect on
the strength of interactions between local units arrayed
along its length. In other words, shape should affect
detectability.
Some basic geometric constraints on detectability
have already been worked out for sampled contours
hidden in randomly oriented noise. For example, Field
et al. (1993) presented groups of 12 Gabors aligned
along a curvilinear contour path at regular intervals.
These contour groups were hidden among several hun-
dred randomly oriented and positioned Gabors. The
detectabilty of the contour group was inversely related
to the change in orientation from one element to the
next along the contour path: i.e. straighter paths were
more detectable. Also, when the individual elements’
orientations deviated from alignment with the path, the
detectability of the contour group also diminished.
Field et al. (1993) explained their results with an ‘asso-
ciation field’ hypothesis, similar in many respects to
several models of contour integration in the computer
vision literature (Grossberg & Mingolla, 1985; Shashua
& Ullman, 1988; Parent & Zucker, 1989; Kellman &
Shipley, 1991; Nitzberg, Mumford & Shiota, 1991;
Heitger & von der Heydt, 1993).
Subsequent studies by Kovacs and Julesz (1993) sug-
gested that contour groups following closed circular
paths were much more detectable than open-ended
contours of similar curvature. However, sudden
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changes in curvature (i.e. kinks) in a closed path caused
diminished detectability compared to circular contours
(Pettet, Mckee & Grzywacz, 1998). In the latter study,
a computational simulation showed that the relative
detectabilities of open-ended, closed (with kinks), and
circular contours could be explained by lateral interac-
tions like those proposed above. One important con-
straint used in the computer simulation was as follows.
Given a fixed difference in orientation between two
orientation-selective units, the degree of mutual facilita-
tion was maximal when the two units were positioned
so that their orientation axies were both tangeant to a
circular path passing through their receptive field cen-
ters. In other words, interactions were strongest for
circular contours. Although this constraint has some
appealing computational aspects, it was also motivated
by anecdotal reports from psychophysical observers
that open-ended contours were easiest to see if they
contained several neighboring elements falling along a
common circular arc.
The studies presented here examined these various
problems using a contour detection task similar to the
one used by Field et al. (1993) to determine whether
shapes that differed in their degree of circularity also
differed in their detectability. In the context of this
paper, ‘the degree of circularity’ indicates the extent to
which a contour follows a path with no changes in
direction or magnitude of curvature. Thus, two experi-
ments were performed to test the relative effects of
these two properties of circularity. The first experiment
compared detectability of contours following circular
paths to those following serpentine paths (i.e. constant
local curvature with one or more changes in direction).
The second experiment compared contours following
circular and spiral (i.e. monotonic variation of curva-
ture magnitude, no change in direction) paths. To-
gether, these two experiments revealed how changes in
path direction and changes in magnitude of curvature
affected contour detectability.
2. Methods
2.1. Obser6ers
The test subjects included the author and three other
adults (one male and two females) naive to the purpose
of the study. All had normal or corrected vision.
2.2. Stimuli
Stimulus patterns consisted of several dozen Gabor
patch elements imaged on the screen of a 17 in. color
monitor (Nanao) controlled by a microcomputer (Com-
modore) equipped with a high-speed graphics card
(Merlin). Observers viewed the screen at a distance of
97 cm so that the pixel spacing in the 1024768
viewing area subtended 1 arc min of visual angle. The
overall dimensions of the viewing area at this observa-
tion distance were 17.012.8°.
Each Gabor patch was a 1616 pixel bitmap whose
pixel brightness values, L, at positions (x, y) relative to
the center of the patch were scaled by the following
formula:
L(x, y)LminLG(LmaxLmin)Lb
where
Lmin, minimum screen luminance (30 cd:m2);
Lmax, maximum screen luminance (150 cd:m2);
Lb, balancing factor (see below),
LG(x, y)exp ( (x2y2):2s2)
cos (2px(x sinuy cosu):p),
where
s, standard deviation of circularly-symmetric Gaus-
sian envelope (4 arc min);
p, period of sinusoidal carrier (8 arc min);
u, orientation of carrier.
By this definition, the orientation of the bright bar in
the center of the Gabor patch was horizontal when
u0, and the orientation rotated counter-clockwise as
u became more positive. The spatial frequency band-
width of these Gabor patches was about 1.2 octaves,
centered at 7.5 cd. The background luminance was set
to Lmin (LmaxLmin):2. The balancing factor, Lb, was
added to make the measured mean luminance of the
Gabor patches equal the background luminance. The
balance of luminance between the Gabor patches and
the background was confirmed by viewing the stimulus
patterns from a distance of about 10 m. All luminances
were measured with a Pritchard spectrophotometer.
Fig. 1. Stimulus pattern. Observers were instructed to maintain
fixation on the white dot, and to indicate whether the right or left
element cluster contained a contour group. In the example shown
here, the left cluster contains an instance of contour c4 (see Fig.
2A).
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Fig. 2. Experiment 1: Effect of changes in direction of curvature. (A) The ten contour groups tested. The local curvature in the contour groups
was fixed at 930°, and the ten different contour shapes were generated by varying the frequency of changes in contour path direction. The
identifying number assigned to each contour corresponded to the rank of the contour according to the circularity criteria described in the Section
3. (B) Performance of four observers.
Stimulus patterns were drawn by blitting Gabor
patch bitmaps chosen from a library of 180 precalcu-
lated patches indexed by orientation in 1° increments.
Positions and orientations of the elements in any given
pattern were random, except that the individual Gabor
patch bitmaps were non-overlapping.
Observers were shown two clusters of 30 Gabor
patch elements1. The elements in each cluster had ran-
dom orientations and random (non-overlapping) posi-
tions spread over 1.874.67° areas centered 3° directly
to the left and right of the fixation point (Fig. 1). In one
of the clusters, several elements were arrayed along a
spatially extended contour path. The elements in this
contour group were evenly spaced apart by 40 arc min.
The positions of immediate neighbors were constrained
so their orientation axes were tangeant to a circular
path fit through their centers.
Experiments 1 and 2 tested two different sets of
contour groups. In Experiment 1, the contour groups
consisted of eight elements. The difference in orienta-
tion between immediate neighbors (hereafter, local cur-
vature) in the contour groups was fixed at 930°. Ten
different contour shapes (c0– c9 in Fig. 2A) were
generated by varying the frequency of changes in con-
tour path direction. Hence, each contour represented a1 Observer NF viewed clusters containing 25 Gabor patches each.
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Fig. 3. Experiment 2: Effect of changes in magnitude of curvature. (A) The seven contour groups tested. The local curvature for the first six
contours ranged from 0° for contour c10 to 50° for contour c15. The local curvature for contour c16 increased monotonically from 0° for
the first pair of elements to 50° for the last pair of elements. (B) Performance of four observers for contours c10 through c15. (C) Comparison
of performance for contour c16 to the average performance for contours in panel B. Note that the average of local curvatures for contours
c10– c15 equals the average local curvature of contour c16.
unique concatenation of circular arcs, all having the
same magnitude of curvature, but alternating in direc-
tion. The contours ranged in shape from circular (i.e.
no changes in path direction) to nearly straight (i.e.
change in path direction after each element). In Experi-
ment 2, the contour groups consisted of seven elements
each. Six of the contour groups (c10– c15 in Fig.
3A) were circular arcs that differed in magnitude of
local curvature. The local curvature ranged from 0° for
contour c10 to 50° for contour c15. Contour c16
followed a spiral path so that the local curvature in-
creased from 0 to 50° along the length of the contour.
The average local curvature in contour c16 equalled
the average of the local curvatures for contours c10
through c15.
Some contour groups spanned considerable retinal
distances (e.g. contour c7 was 4.67° in length). Thus,
to minimize changes in retinal eccentricity along their
length, the overall orientation of the contours were
constrained so that their axes of least second moment
(i.e. their ‘long axes’) were vertical. The contour group
assumed a random position within the bounds of the
target cluster. On each trial, the chosen contour was
randomly flipped vertically or reflected horizontally, or
both.
The stimulus configuration described here represents
a departure from conventional stimuli in which a con-
tour group can appear anywhere, in any orientation,
within a large field of many random Gabor patches
(Field et al., 1993). The use of this new configuration
was motivated by several considerations. First, pilot
studies (data not shown) indicated that differences in
contour detectability due to differences in shape were
very slight. Thus, every confounding source of variabil-
ity in the data had to be removed to maximize the
sensitivity of the technique. Positional uncertainty of
contour location was considered to be a large source of
variability for two reasons. First, if the contour was
allowed to fall anywhere within a large area, then the
eccentricity of the contour would vary from trial to
trial. Pilot data (not shown) again suggested that con-
tour detectability diminished significantly with eccen-
tricity (Hess & Dakin, 1997). Thus, variability in
eccentricity would lead to variability in detectability.
Second, if the contour was allowed to fall anywhere
within a large area, the observer, in effect, would be
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performing a search task. When the search area is large,
significant trial-to-trial changes in search strategy may
occur. Again, this may lead to changes in performance.
The stimulus configuration employed in the current
study reduces both of these effects by holding eccentric-
ity constant and minimizing the search area. The choice
of 3° eccentricity for the noise clusters was also based
on the results from the eccentricity pilot data. At
eccentricities nearer fixation, observers achieved near
perfect performance, thus obscuring differences be-
tween the various contours tested. The opposite effect
occurred at more distant eccentricities: performance
was near chance levels for most of the different
contours.
2.3. Procedure
Each trial began with a blank screen containing a
small white fixation dot at the center. A button press
initiated the stimulus presentation, which lasted for 150
ms. Observers were instructed to maintain fixation on
the white dot, and indicate by pressing one of two
buttons whether the right or left element cluster con-
tained the contour group. Once the forced-choice re-
sponse was recorded, the next stimulus presentation
was initiated.Stimuli were presented in sequences of 100
trials (Experiment 1) or 70 trials (Experiment 2), with
different contours selected at random for each trial. An
experimental session consisted of several of these se-
quences seperated by 1–2 min rest periods. Each data
point in Figs. 2 and 3 represents a total of 200 re-
sponses, collected from at least two sessions on seperate
days.
3. Results
To evaluate trends in performance caused by changes
in contour path direction, the contours in Experiment 1
were ranked and assigned identifying numbers (see Fig.
2A) according to the length of the longest circular arc
in each contour path. For example, contour c3, whose
longest circular arc contained five elements, was given a
higher rank than contour c5, whose longest circular
arc contained four elements. When two contours had
the same number of elements in their longest circular
arc (e.g. contours c4 and c5), they were ranked
according to the length of their second-longest circular
arc. Thus, according to this scheme, contour c0,
which followed a single circular arc along its entire
length, was given the highest rank, while contour c9,
which had no arcs greater than two elements, was given
the lowest rank.
In Fig. 2B, performance in the detection task was
plotted against the rank of contours. Single factor,
within-subject ANOVA (d.f.9, 190) showed signifi-
cant (PB0.05) differences between the ten contour
shapes for all observers. In general, the proportion of
correct responses was larger for higher-ranked con-
tours. To rule out cues generated by the positional
arrangement or local density of contour elements, con-
trol stimuli were presented in which the orientations of
the individual contour elements were randomized. The
relative positions of the elements in each contour
group, and the overall orientation of the contour were
the same as in the previous experiment. Performance
was at chance levels for all the control contours (data
not shown), and ANOVA showed no significant differ-
ence between the ten control contour shapes for any
observer. This result verifies that detection of the con-
tour group required orientational alignment of elements
along the contour path.
According to results of Experiment 1, contours fol-
lowing circular paths were more detectable than con-
tours that follow paths with changes in direction.
Experiment 2 examined how changes in magnitude of
curvature affected contour detectability by testing the
following hypothesis. If contour detection mechanisms
are truly selective for circular contours, then changes in
magnitude of curvature along a contour path might
invoke some kind of penalty that suppresses detectabil-
ity. Demonstrating such a penalty was complicated by
the fact that contour detectability decreases with in-
creasing path curvature (Field et al., 1993). For exam-
ple, in the case of the spiral contour used in Experiment
2 (Fig. 3A, c16), the outermost segment of the spiral
with low curvature was more detectable than the inner-
most segment with high curvature. Therefore, to esti-
mate any additional penalty incurred by changes in
curvature along the spiral, an expectation value was
derived for the detectability of the spiral based on the
average detectability of the various segments compris-
ing the spiral. The detectability for a given segment of
the spiral was estimated by measuring the detectability
of a circular contour of equivalent curvature. Hence,
the overall expectation value for the spiral contour’s
detectability was simply the average detectability of a
series of circular contours (Fig. 3A, c10– c15) whose
curvatures respectively equalled the local curvature of
each segment of the spiral contour (c16). If any
penalty exists, then the performance for contour c16
should be significantly lower than the average perfor-
mance for contours c10– c15.
Performance for contours with varying magnitude of
curvature (Experiment 2) is plotted in Fig. 3B. For
contours c10– c15, the proportion of correct re-
sponses remained high for curvatures up to about 30°
(contour c13). At higher curvatures, performace
dropped significantly for three observers. Observer
NF’s performance was roughly constant for all six
contours. In Fig. 3C, proportion of correct responses
for contour c16 (filled bars) is compared to the aver-
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age proportion of correct responses for contours c10
through c15 (open bars). There was no significant
difference between these two quantities for any of the
observers. Thus, there was no evidence for an addi-
tional penalty for changes in curvature.
4. Discussion
Because of considerable variation between observers,
it was difficult to draw conclusions about the relative
discriminability of the various shapes tested in Experi-
ment 1. However, one qualitative trend seemed consis-
tent. For each observer, the contours with extended
circular arcs (c0– c3) were easier to detect than the
contours with multiple changes in direction (c7– c9).
However, this principle only held for the most extreme
examples. For example, contour c3 contained a five-
element circular arc, while contour c5 contained a
four-element circular arc. Nevertheless, observer NF
performed better with contour c5 than contour c3.
More generally, when comparing contours with very
similar overall shapes, no consistent pattern of relative
detectability held for all four observers. It is likely that
trial-to-trial variability in the configuration of the two
random element clusters concealed fine differences in
contour detectability.
In Experiment 2, high curvature impaired detectabil-
ity of the circular contours relative to straight contours.
Field et al. (1993), (Fig. 7) reported a similar trend.
Furthermore, the equivalence between the detectability
of the spiral contour (c16) and the average detectabil-
ity of the circular contours (c10– c15) rules out
additional penalties for changes in magnitude of curva-
ture. In other words, the detectability of a contour with
a monotonic change in curvature magnitude can be
predicted by the average (or some other cumulative
estimate) of local curvature along its length.
One curious finding concerned the difference in de-
tectability of comparable contours in Experiments 1
and 2. Specifically, contour c0 was much easier to
detect than contour c14 (averages of 91 and 76%
correct responses, respectively). Although contour c0
has one more element than contour c14, this differ-
ence in length does not account for the difference in
visibility (Kovacs & Julesz, 1993). This discrepancy
might be explained by the procedure used to collect the
data. In each experiment, the contour presented on
each trial was selected at random from the full set of
contours used in that experiment. Since the set of
contours presented in Experiment 1 differed from those
in Experiment 2, observers may have employed differ-
ent strategies to perform the task in the two experi-
ments. For example, observers may have preferentially
looked for the most detectable contours in each of the
two sets. While such an approach may have degraded
performance for the non-preferred contours, enhanced
detection of the preferred contours may have led to a
net increase in overall performance. According to this
reasoning, since contour c0 was the most visible mem-
ber of the set for Experiment 1, and contour c14 was
nearly the least visible memeber of the set for Experi-
ment 2, the performance for contour c14 would be
degraded relative to contour c0. In any case, whatever
the explanation for the discrepancy, none of the conclu-
sions of this study relied on comparisons of perfor-
mance between contours presented in the two different
experiments.
In summary, two important results are clear. First,
when the local curvature of a contour is held constant,
changes in direction of curvature degrade detectability.
Second, when the direction of curvature of a contour is
held constant, increased curvature degrades detectabil-
ity, but changes in magnitude of curvature along the
length of a contour have no additional effect.
Circularity is an important property that may con-
strain long range faciltatory interactions between local-
ized, orientation-selective spatial filtering mechanisms.
In fact, ring-shaped receptive fields have been reported
in extra-striate cortex (Gallant, Connor, Rakshit, Lewis
& Van Essen, 1996), and have been proposed as a
mechanism for curvature discrimination (Wilson &
Wilkinson, 1996). Furthermore, oriented line elements
following a circular path can be fit with curves having
no changes in curvature. Such structural regularity may
be just enough of a cue to bolster the signal associated
with a spatially extended contour so that it becomes
more detectable in the presence of confounding infor-
mation generated by surface textures. Hence, the co-cir-
cularity constraint occurs in some computational
models of contour integration (Parent & Zucker, 1989;
Yen & Finkel, 1996). However, while effective contour
integration does require uniform direction of curvature
(Experiment 1), it does not require circularity per se
(Experiment 2). Of course, the latter finding does not
exclude detection of spiral contours by a combination
of processing modules sensitive to circular contours.
Rather, it suggests that selectivity for circular contours
is not maintained by active suppression of non-circular
contours.
Whatever the specific geometric constraints, long
range interaction between spatially dispersed pattern
elements provides an attractive model for binding to-
gether the discrete neural signals generated by a spa-
tially extended contour. Although direct physiological
evidence is still scant, the importance of collinearity for
such interactions has already been established (Nelson
& Frost, 1985; Kapadia et al., 1995; Bosking et al.,
1997). It will be interesting to see whether co-circularity
will also be as important. Although such mechanisms
are far removed from explaining the finer points of
shape detection and discrimination, they certainly help
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in establishing the sequence of events leading to a
complete neural representation of complex visual
shapes.
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